INTRODUCTION
Somatic activation of the PI3K pathway is common in cancer, suggesting widespread potential for agents targeting this pathway in the management of various cancers. Inhibitors designed to target p110a, mTOR or AKT, as well as dual PI3K/mTOR inhibitors, are in various stages of clinical development. 1 mTOR is a clinically validated target in renal cell carcinoma 2 and hormone receptorpositive breast cancer, 3 and early clinical trials of PI3K or dual PI3K/mTOR inhibitors have shown promise in a number of malignancies. 4 However, experience with other successful targeted agents suggests that clinical resistance is likely to variably reduce the durability of clinical benefit. 5 As with other targeted agents, understanding the diversity of mechanisms that give rise to PI3K inhibitor resistance through preclinical modeling is likely to help guide clinical hypothesis testing. Ultimately, understanding clinical mechanisms of resistance can provide the rationale for therapeutic combinations, sequencing or alternative therapies in these settings that can overcome resistance mechanisms. For example, preclinical modeling of acquired resistance to BRAF and MEK inhibitors has provided the rationale for clinical testing of combination therapy involving BRAF and MEK inhibitors. 6, 7 Previous preclinical studies of acquired resistance to PI3K inhibitors have identified several mechanisms, many of which center on activation of the Myc oncogene. For example, studies in a mouse mammary tumor model engineered to express an activated PIK3CA allele (H1047R) demonstrated that activation of the Myc oncogene rendered these tumors resistant to selective PI3K inhibitors, independent of the PI3K pathway. 8 A chemical genetic screen identified Myc and Notch pathway activation as mechanisms of resistance to PI3K inhibitors in breast cancer cell lines. 9 A third study of acquired resistance in genetically defined mammary epithelial cells also identified Myc amplification as a resistance mechanism to the dual PI3K/mTOR inhibitor, BEZ-235; 10 the same study also demonstrated that amplification of the downstream effector, eIF4E elicited similar effects, conferring resistance to pharmacological inhibition of PI3K and mTOR. 10 In addition, overexpression of the kinases RSK3 and RSK4 has also been shown to confer resistance to PI3K inhibitors via attenuation of apoptotic effects and upregulation of protein translation. 11 Remarkably, studies of resistance to PI3K inhibitors have not identified mechanisms acting at, or near the level of, the target itself. This contrasts with drug targets such as BRAF, MEK, BCR-ABL or EGFR, where mutations or genomic amplification of the target itself lead to preclinical and clinical drug resistance to the targeted agent, either by blocking compound binding or by increasing intrinsic kinase activity, or in some cases, both. 5 Scanning mutagenesis screens have identified a second site mutation within PIK3CA that does confer modest resistance to PI3K inhibition but surprisingly, found that engineered 'gatekeeper' mutations in PIK3CA failed to confer resistance. 12 Here, we sought to understand mechanisms of acquired resistance to PI3K inhibition in PIK3CA mutant KPL-4 cells by selecting pools and single cell clones that were able to grow in the presence of high concentrations (41 mM) of the selective PI3K inhibitor, GDC-0941. Genome-wide copy number analyses revealed high-level amplification of the PIK3CA locus. Analysis of mutant and wild-type alleles by quantative PCR and deep sequencing revealed that amplification specifically affected only the mutant H1047R allele. Functional studies showed that knockdown of amplified PIK3CA in these cells restored pathway signaling and sensitivity to PI3K inhibition to levels comparable to parental cells. Our results suggest a novel mechanism of resistance involving amplification of an activating mutant PIK3CA allele in breast cancer cells and may thus be a clinically relevant way in which breast cancer cells, and possibly other cell types, evade PI3K inhibition.
RESULTS

KPL-4 PR cells show specific resistance to inhibition along the HER2/PI3K axis
We set out to model resistance to a PI3K inhibitor, GDC-0941, currently in clinical development using a breast carcinoma cell line, KPL-4, which harbors HER2 amplification and an activating PIK3CA mutation. This cell line has previously been shown to be particularly sensitive to the selective PI3K inhibitor GDC-0941 in vitro and in vivo. 13 Resistant derivatives of KPL-4 were selected by culturing in gradually increasing concentrations of GDC-0941 until a pool of cells was isolated that was able to grow at a concentration of 1 mM drug. The resulting pool, termed KPL-4PR for 'PI3K inhibitor resistance', showed in vitro resistance to GDC-0941 in cell viability assays, evidenced by a 15-fold shift in half-maximal inhibitory concentration (IC 50 ) relative to parental cells in an adenosine triphosphate-based cell viability assay ( Figure 1a ). KPL-4PR cells showed pathway cross-resistance to the dual PI3K/ mTOR inhibitor GDC-0980 and also were resistant to upstream inhibition by the dual HER2/HER3 inhibitor lapatinib, as well as a more selective PI3K inhibitor (GDC-0032) that shows strong isoform selectivity for PI3Ka over PI3Kb 14 (Figure 1a , Supplementary Figure S1A ). Resistance was specific to PI3K-/ HER2-targeted inhibitors, as we found that KPL-4PR cells showed sensitivity comparable to parental cells to MEK and EGFR inhibitors, a proteasome inhibitor and chemotherapeutics such as doxorubicin (Supplementary Figure S1A and data not shown). Because resistant pools can show marked heterogeneity, we isolated two clonal derivatives of KPL-4PR, termed KPL-4PR.5 and KPL-4PR. 18 , and showed that they exhibited a similar spectrum of resistance to PI3K pathway inhibitors (Supplementary Figure S1B) . The KPL-4PR clones were also largely refractory to the inhibitory effects of GDC-0941 on doubling time when compared with parental cells (Supplementary Figure S2 ), confirming resistance through an independent assay methodology. The clones stably maintained resistance in the absence of PI3K inhibitor for up to 20 passages, suggesting a stable genetic mechanism (data not shown).
To investigate whether KPL-4PR cells showed activation of specific signaling pathways, protein lysates were analyzed using a fluorescence-based phospho-protein array that enables simultaneous detection of 28 receptor tyrosine kinases and 11 intracellular signaling nodes when phosphorylated at tyrosine or other residues. The complete list of analytes is shown in (Supplementary Figure S3 ). The only epitopes that showed significant differences between parental and KPL-4PR cells were pAKT(S473) and pAKT(T308), which were 6.6-fold and 2.5-fold higher in KPL-4PR cells, respectively ( Figure 1b ). In addition to higher baseline levels, dose response studies and densitometric quantitation showed that substantially more GDC-0941 was required for half-maximal pAKT inhibition in KPL-4PR cells compared with parental cells, with IC 50 values of 0.41 mM versus 0.09 mM, respectively ( Figure 1c ). We extended this analysis to the resistant clones and showed by immunoblotting that they were broadly resistant to the inhibitory effects of PI3K inhibition on multiple pathway nodes, including pAKT(S473), pAKT(T308), pPRAS40, p4EB-P1, FOXO1 and pGSK-3b ( Figure 2 ).
Genome-wide copy number profiling reveals copy number gains at chromosome 3q and focal amplification of mutant PIK3CA in KPL-4PR cells The KPL-4PR resistant pool was profiled using molecular inversion probe (MIP) arrays. We identified a prominent amplification event in the region of chromosome 3q26 that harbors the PIK3CA locus (Supplementary Figure S4 ). We did not detect amplification of other PI3K isoforms or pathway-related candidate genes in KPL-4PR cells in this analysis (data not shown). To confirm specific amplification of the PIK3CA gene, a panel of quantative PCR assays that detect copy number alterations in PIK3CA and other cancerrelated genes was assessed using genomic DNA from parental and KPL-4PR cells. This assay revealed that KPL-4PR cells contained 415 copies of PIK3CA, far in excess of the parental cells ( Figure 3a ). Other loci examined showed equivalent copy numbers between parental and KPL-4PR cells. Notably, equivalent levels of Myc amplification are seen between parental and resistant cells ( Figure 3a ), suggesting Myc is not a driver of resistance in KPL-4PR cells. Similar results were obtained for KPL-PR.5 and KPL-4PR.18 ( Table 1 ). Comparison of threshold cycle (Ct) values from the wildtype and mutant assays suggested that most of the additional copies harbored the activating allele. Ct values in the clones were markedly lower for the mutant allele compared with wild type, and the wild-type allele was undetectable or barely detectable (Ct of 37.5 or 40) ( Table 1 ). To confirm this selective enrichment of the mutant allele at the sequence level, as well as to rule out second site mutations that could confer resistance, we performed next-generation sequencing of the entire PIK3CA-coding sequence. This analysis revealed no other alterations aside from the original mutation that results in the H1047R amino-acid alteration and showed that KPL-PR.5 and KPL-4PR.18 clones harbored the mutant allele at a frequency of 92% and 95%, respectively, compared with 44% in the parental line (Table 1) . To visualize the copy number gains at a cellular level, a previously described fluorescence in situ hybridization assay 15 was used to assess PIK3CA copy number and chromosome 3 centromeric copies in parental cells and the KPL-4PR.5 and KPL-4PR.18 clones. This analysis showed that parental cells have evidence of polysomy or duplication of chromosome 3, with six copies of PIK3CA but an overall ratio of PIK3CA/CEP3 of 1.0 ( Figure 3b , Table 1 ). In contrast, close to 100% of cells derived from KPL-4PR.5 and KPL-4PR.18 showed evidence of high-level gene amplification, with PIK3CA copy numbers from 38 and 77 copies per cell, Table 1 ). The overall ratio of PIK3CA/CEP3 was greater than five for both resistant clones ( Table 1 ). The additional copies of PIK3CA were colocalized and appear to comprise an intrachromosomal homogeneously staining region (Figure 3b ). To determine whether the PIK3CA homogeneously staining region was present in parental cells, we screened 3000 nuclei and were not able to identify a cell with evidence of amplification, suggesting that it is either not present or occurs at a frequency of less than 0.03%.
Knockdown of PIK3CA in resistant cells decreases pathway activation and restores sensitivity to PI3K inhibition
We used small interfering RNA (siRNA) targeting PIK3CA to knock down p110a expression in parental and KPL-4PR clones. Western blotting of control-treated cells showed that KPL-4PR.5 and KPL-5PR.18 cells substantially overexpress p110a relative to parental cells (Figure 4) , consistent with an interpretation wherein amplification is driving protein overexpression of the mutant allele. Knockdown by siRNA resulted in 80-90% reduction of p110a protein and PIK3CA mRNA (Figure 4, Supplementary Figure S5) . Similar effects were observed with independent siRNA duplexes, suggesting an on-target effect (Supplementary Figure S5 ). Knockdown of PIK3CA was associated with diminished levels of pAKT, pS6 and p4EB-P1, suggesting the elevated signaling observed in the resistant clones is due to p110a overexpression ( Figure 4 ). We next assessed whether PIK3CA knockdown restored sensitivity to PI3K inhibition in resistant cells. We found that treatment of KPL-4PR clones with PIK3CA siRNA duplexes restored sensitivity to both GDC-0941 and GDC-0980 to levels equivalent to parental cells treated with a control siRNA as measured by IC 50 values ( Figure 5 ). No effects were seen on sensitivity to MEK inhibition (data not shown), suggesting specific restoration of sensitivity to PI3K pathway inhibition.
DISCUSSION
We sought to identify and delineate mechanisms of resistance to a selective PI3K inhibitor, GDC-0941, in HER2-positive KPL-4 breast cancer cells that harbor a PIK3CA mutation and are dependent on signaling through the PI3K pathway. Comprehensive genomic analysis identified amplification of the mutant PIK3CA (H1047R) allele in resistant but not sensitive parental cells. Functional studies showed that the resistance was specifically due to the amplification event, as evidenced by decreased pathway activation and restored sensitivity to pathway inhibitors in cells with knockdown of mutant PIK3CA. To our knowledge, this is the first description of resistance to a PI3K inhibitor linked to activation of the PI3K oncogene itself. This contrasts strikingly to multiple reports of resistance mediated through parallel or downstream events.
This observation is unexpected for several reasons. First, one might reasonably expect that amplification of PIK3CA would predict for sensitivity, rather than resistance to PI3K inhibitors, as a number of preclinical studies have identified PIK3CA amplification as a candidate predictive marker for response to PI3K inhibition. 15, 16 Rather, we found that amplification causes hyperactive pathway signaling and an apparent shift in drug sensitivity, likely due to increased expression of the activated target. This is consistent with previous reports of amplification of an oncogene driving resistance to therapeutics targeting another kinase in the same pathway. For example, amplification of both the BRAF and KRAS oncogenes has been reported to confer resistance to downstream inhibition of MEK. 17, 18 Our findings suggest that amplification of a mutant PIK3CA allele causes an increase in the basal phosphorylation levels of AKT, leading to a concomitant increase in the IC 50 for inhibition of AKT phosphorylation. Second, the role of PIK3CA amplification as a 'driving oncogene' has been challenged. Several studies have suggested that the lineage-specific oncogene, SOX2 may be the oncogenic driver within the 3q26 amplicon. 19 Similarly, the role of PIK3CA mutation in driving an increased pathway output has also been questioned based on proteomic and gene expression data suggesting that cell lines and tumors with PIK3CA mutations have reduced pathway output. 20, 21 Our results suggest that amplification, at least of the mutant allele, can potently activate PI3K signaling.
Studies of resistance to EGFR inhibition have demonstrated that selective pressure results in clonal selection and expansion of rare cells with c-MET amplification present in the original tumor cell population at a frequency of 0.14%. 22 To investigate whether a similar phenomenon occurred in KPL-4PR cells, we performed fluorescence in situ hybridization analysis on over 3000 nuclei derived from KPL-4 parental cells and did not find a single cell with high-level amplification that we observed in the resistant cells. Though our results cannot rule out the presence of very rare cells with amplification in the starting population, they do suggest such the cells must be present at a frequency below 0.03%.
An important question that arises from these studies is whether the doses at which preclinical resistance are observed are clinically relevant. KPL-4PR cells are able to grow efficiently in the presence of 1 mM GDC-0941, and pharmacokinetic/pharmacodynamic modeling suggests that the GDC-0941 plasma concentration required for tumor stasis is approximately 0.3 mM. 23 Thus, concentrations at which we observed resistance are clinically relevant and are achievable based on phase I dose escalation studies. 24 Several mechanisms of preclinical resistance to PI3K inhibition have now been described. [8] [9] [10] Some are due to activation of parallel pathways (that is, Myc, Notch); another report points to activation of downstream signaling (that is, eIF4E amplification), and here, for the first time, we show the potential for activation of the target itself. The clinical relevance of any of these mechanisms is yet to be established, but the mechanisms described thus far provide hypotheses that can be clinically tested through rigorous analysis of biopsies collected at disease progression after administration of PI3K inhibitors.
MATERIALS AND METHODS
Cell lines and compounds
KPL-4 cells were obtained from Kurebayashi et al. 25 and the identity of the isolate used here was verified by genotyping with a Multiplex STR assay (Genetica, Burlington, NC, USA). Parental and resistant clones were cultured in RPMI 1640 medium containing 10% fetal bovine serum, non-essential amino acids, 2 mmol/l L-glutamine and penicillin/streptomycin. Inhibitors for pan PI3K (GDC-0941), dual PI3K/mTOR (GDC-0980), b-sparing PI3K inhibitor GDC-0032, lapatinib and MEK1/2 (PD0325901) have been described previously and were produced and supplied by Genentech Medicinal Chemistry group. 13, [26] [27] [28] [29] Other compounds were obtained from Calbiochem (Billerica, MA, USA) and TopoGEN (Port Orange, FL, USA).
PI3K inhibitor resistant line creation and doubling time analysis
KPL-4 resistant pool was established by gradual dose escalation of PI3K inhibitor, GDC-0941, for a period of 6 months to a final drug concentration of 1 mM. The KPL-4PR pool was cultured in the presence of the drug for 3 months before being subjected to fluorescence-activated cell sorting at one cell per well in a 96-well plate. Clones from the resistant pool were then expanded in the absence of the PI3K inhibitor, GDC-0941. Clones were stably resistant for up to 20 passages in the absence of GDC-0941. For doubling time determination, cells were plated at 4000 cells per well in 96-well plates 24 h before the addition of GDC-0941 at various concentrations. Images of live cell cultures were recorded with the IncuCyte TM Zoom Image system (Essen BioScience, Inc., Ann Arbor, MI, USA). Doubling times were calculated by Prism (GraphPad software Inc., La Jolla, CA, USA).
Small RNA interference assay and cell viability assay PIK3CA SMARTpool, PIK3CA individual siRNA duplexes (S12, S15) and nontargeting scrambled control siRNAs were purchased from Dharmacon (Thermo Scientific, Pittsburgh, PA, USA). All PIK3CA siRNA transfections were performed using the SMARTpool unless specifically stated otherwise. Reverse transfections were conducted by first mixing 30 ml of Lipofectamine RNAiMAX (Life Technologies, Carlsbad, CA, USA) with 2-50 nM of siRNA in 1.5 ml Opti-MEM medium (Life Technologies) to allow complex formation. After 30 minutes, cells in an antibiotic-free growth medium at a density of 1.5 Â 10 5 per flask were added into the culture flasks. Forty-eight hours after transfection, cells were trypsinized and counted. Cells were seeded at 3000 cells per well in 384-well plates for compound screening and also in 6-well plates for protein and RNA lysate collection the following day. Cells in 384-well plates were dosed the next day with inhibitors at threefold serial dilutions, starting at 10 mM, in quadruplicate. Three days after the addition of compounds, cell viability was assessed using the CellTiter Glo ATP Luminescence assay (Promega, Madison, WI, USA) as described previously. 13 Receptor tyrosine kinase array PathScan RTK Signaling Antibody Array kits (Fluorescent Readout; Cell Signaling Technology, Danvers, MA, USA) were used to measure 28 receptor tyrosine kinases and 11 intracellular signaling nodes. Cells were lysed in T-PER cell extraction reagent (Thermo Scientific) with additional 300 mM NaCl and protease and phosphatase inhibitor cocktails (Sigma, St Louis, MO, USA). Lysates were then diluted and hybridized to the slides following the manufacturer's protocol. Fluorescence intensities were quantitated on a Li-COR Odyssey scanner (Lincoln, NE, USA).
Western blot analyses
Cell lysates for western blots were collected in T-PER cell extraction reagent supplemented with protease and phosphatase inhibitor cocktails (Roche Applied Science, Indianapolis, IN, USA) according to the manufacturer's protocol. Protein concentrations were determined by the BCA Protein Assay (Thermo Scientific) with a standard curve of bovine serum albumin provided in the kit. Lysates were resolved by electrophoresis on Novex NuPAGE 4-20% Bis-Tris gels (Life Technologies). For proteins with high molecular weight, Trisacetate gels were used to achieve better separation. Proteins on gels were PI3K pathway resistance in breast cancer L-Y Huw et al transferred to nitrocellulose membranes using the iBlot system (Life Technologies). Tris buffered saline & Tween 20 (TBST) containing 5% bovine serum albumin was used as a blocking and antibody dilution buffer. Immunodetection of proteins was carried out with Super Signal West Dura Chemiluminescence substrate (Thermo Scientific). Antibodies to pAKT (Ser473), pAKT (T308), pERK1/2 (Thr202/Tyr204), p4EB-P1 (Ser65), pS6 Ribosomal (Ser235/236), FOXO1 (Thr24), GSK3b (Ser9), pPRAS40 (Thr46) and PI3Ka were from Cell Signaling Technology. b-actin antibody from Santa Cruz Biotechnology (Santa Cruz, CA, USA) was used as a loading control. For inhibitor dose response western analysis, cells were plated at 400 000 cells per T-25 flask and cultured until they reached approximately 80% confluence. Cells were then treated with compounds at various concentrations for 24 h, then washed once with cold phosphate-buffered saline and processed as described above.
Gene copy number and mutation analyses
Relative gene copy numbers were determined using quantitative PCR. Threshold cycles (Ct) were measured using cell line genomic DNAs and gene-specific TaqMan Copy Number assays (Life Technologies) according to the manufacturer's instruction. Two assays for each gene were used. Relative copy numbers were calculated by the Delta Delta Ct method as previously described. 15 The RNaseP was used as a reference gene (RNaseP Copy Number assay, Life Technologies) and pooled human blood genomic DNA (Roche Applied Science; 11691112001) was used as a calibrator sample with two copies for each gene. Molecular Inversion Probe (MIP) arrays were run and analyzed using OncoScan FFPE Express 2.0 Services (Affymetrix, Santa Clara, CA, USA). The nucleotide change underlying the PIK3CA (H1047R) substitution was detected using quantitative PCR with wild-type and mutation-specific probes, as described previously. 15, 30 Deep sequencing of the PIK3CA gene Sixty-four pairs of PCR primers were designed to generate tiling interleaved amplicons (70 bp average overlap) that cover DNA sequences of all exons and splicing junctions of the PIK3CA gene. PIK3CA amplicon libraries were generated from 50 ng of genomic DNA from each sample using Access Arrays (Fluidigm, South San Francisco, CA, USA) following the Multiplex Amplicon Tagging Protocol from the manufacturer. The resulting sequencing-ready amplicon libraries were sequenced (2 Â 150 bp) on an Illumina (San Diego, CA, USA) MiSeq sequencer. The average sequencing depth for the PIK3CA amplicon library was 1595x (range 252-3918x). Protein altering variants (excluding known dbSNP variants) were reported using a variant frequency cutoff of 4%. No other variants in addition to PIK3CA H1047R were detected.
PIK3CA fluorescence in situ hybridization analysis
Fluorescence in situ hybridization analysis was performed on cell line samples as described previously. 15, 31 Briefly, two bacterial artificial chromosome clones, RP11-245C23 and RP11-355N16, covering the entire PIK3CA locus and adjoining areas, were used as probes in these experiments. A commercially available probe for CEP3 (PathVysion; Vysis/Abbott Laboratories, Des Plaines, IL, USA) was also used to determine chromosome 3 copy number. The cytogenetic preparations for the KPL-4 parental cell line and the two resistant cell line clones were obtained using standard cytogenetic protocols. 31 
